Abstract-Musculoskeletal imbalances or pathologies often develop into secondary physical conditions or complications that may affect the mobility and quality of life of people with lowerlimb amputation. Using one or more prostheses causes people with amputation to alter the biomechanics of their movement. For example, people with lower-limb amputation often favor and stress their intact lower limb more during everyday activities. This can lead to degenerative changes such as osteoarthritis of the knee and/or hip joints of the intact limb. Since people with amputation spend less time on their residual limb, osteopenia and subsequent osteoporosis often occur secondary to insufficient loading through the long bones of the lower limb. A proper prosthetic fit increases the probability of equal force distribution across the intact and prosthetic limbs during ambulation, thus decreasing the risk of osteoarthritis. People with limb loss commonly complain of back pain, which is linked to poor prosthetic fit and alignment, postural changes, leg-length discrepancy, amputation level, and general deconditioning. We review the literature on secondary complications among people with lowerlimb loss who are long-term prosthesis wearers.
INTRODUCTION
Amputations during service in the U.S. Armed Forces are a concern not only for service members who have lost limbs during recent military engagements but also for those who experienced limb loss during prior combat and peacetime services. People who have amputations for traumatic, tumor, and congenital reasons are generally younger than 30 years of age at the time of amputation [1] . The majority of service-connected amputations occur before the third decade of life. For example, 21.7 years was the average age at the time of injury for Vietnam service members with amputation discharged from Valley Forge Military Hospital [2] . Losing a lower limb at such a young age is life-altering in many ways. The use of prosthetic or assistive devices must be incorporated into all daily activities and may influence body image, vocation, and other socialization issues.
In the United States, an average of 133,235 amputationrelated hospital discharges occur each year, with the vast majority (82%) linked to vascular disease [3] . The annual rate of traumatic amputations has declined from 22 to 16 percent of all amputations, with congenital limb deficiency and tumor-related limb loss each accounting for <1 percent [4] [5] . Conservatively, an estimated 20 percent of people with amputation in the civilian or veteran population underwent amputation early in life and have had to negotiate a prosthetic and/or assistive device. As a result, altered gait, reduced activity, and other adaptations additionally stress and strain their entire bodies.
Most people with amputation have an active and satisfying quality of life [6] [7] . However, the concern is that having an amputation for a long period of time is associated with secondary physical conditions, including osteoarthritis, osteoporosis, back pain, and other musculoskeletal problems. These conditions are believed to result from increased forces on the intact limb and altered body mechanics that occur secondary to limb loss and/or prosthesis use. This article reviews the literature on the impact of altered gait in people with lower-limb amputation and degenerative conditions that may occur to the lower limbs and spine.
SEARCH STRATEGY
We performed a systematic electronic search of the literature to identify relevant publications from 1970 to May 2006. MEDLINE, OVID, and EMBASE were searched with the key words "amputation" or "amputee" and "osteoarthritis," "osteopenia," "osteoporosis," and "back pain"; this search provided 26 articles that were specifically related to the aforementioned topics and determined to be appropriate for the review. Likewise, a search with the RECAL Information Services, a comprehensive bibliographic database specific to prosthetics and orthotics, yielded an additional 18 articles. We read, discussed, and determined that each article in this review warranted inclusion. Because all the studies were retrospective and only a limited number of controlled studies in this clinical research area have been performed, the review of the articles was considered liberal. We eliminated all case studies and expert opinions or consensus studies. Selected "classic" articles were retained for historical perspective. After reviewing the initial journal articles, we performed a secondary search using journal articles and books from the reference lists and bibliographies that identified frequently referenced supportive research or classic articles. The remaining references were resources with which we were already familiar.
PROSTHESES
A prosthetic device is intended to assist with ambulation and performance of daily life activities. However, wearing a prosthesis that does not fit correctly can lead to complications that adversely affect the gait and activity level of people with amputation [8] . Approximately 68 to 88 percent of people with amputation wear a prosthesis at least 7 hours a day to aid mobility and performance of everyday activities [9] [10] [11] . Only a small number of people with amputation do not wear their prosthesis for at least part of the day [12] . The vast majority of people with amputation who use a prosthesis walk with at least one gait deviation as a result of improper prosthetic fit or alignment, lack of proper gait training, development of poor habits, or compensation for a secondary physical limitation. Over time, the altered forces on the skeletal and soft tissues of the intact limb can lead to degenerative conditions [13] .
A common gait compensation of people with amputation is moving the intact limb toward midline while slightly increasing the external rotation of the lower limb [14] . This posture, combined with increased stance time on the intact limb, may be used to improve medial/lateral stability. Some authors suggest that increased time on the intact limb is an attempt to protect the soft tissues of the residual limb, which are not suited for weight-bearing immediately after amputation [15] . Regardless of the cause of the gait deviation, people with amputation spend more time on the intact limb than the prosthetic limb during ambulation [16] [17] [18] . As a result, the load that people with amputation place on their intact limb is greater than the force that people without amputation exert on their lower limbs during natural cadence walking [18] [19] [20] . A comparison of ground reaction forces (GRFs) found that people with unilateral amputation have up to 23 percent force asymmetry depending on the type of prosthesis, while people without amputation have <10 percent force asymmetry [18, [21] [22] [23] [24] [25] [26] . The increased net joint moments and power output on the intact limb result in adaptation mechanisms that affect the ankle, knee, and hip of the intact limb [13] . Long-term exposure to higher repetitive loading forces leads to the degeneration of weight-bearing joints and subsequent joint pain [27] [28] .
With a "good prosthetic fit," the forces acting across the joints of the contralateral limb of a person with transtibial amputation are not significantly greater than the forces acting across the joints of a person without amputation [29] [30] [31] . However, Hurley et al. showed that if good prosthetic fit is not maintained throughout the wearer's lifetime, minor compensations can increase stress on the contralateral limb and possibly predispose the long-term prosthesis wearer to premature degenerative arthritis [29] .
Hurley et al. also suggested that people with amputation might walk slower than people without amputation in an attempt to reduce the forces placed across the joints of their contralateral limb [29] . Kelly et al. reported that people with transtibial amputation experience discomfort or pain that increases in intensity as the magnitude of change in velocity increases; this increase could be a result of increased loading on the intact limb [32] .
Differences between prosthetic feet can also affect the forces directed on the intact limb. Some prosthetic feet with dynamic properties that generate an aft shear impulse on the prosthetic limb tend to reduce the fore shear impulse on the intact limb. This effect reduces the resultant GRFs at the intact side heel during initial contact and increases the flexion moment at the knee during loading response [33] . Conversely, the solid-ankle cushioned heel (SACH) foot, a prosthetic foot without dynamic properties, has been found to produce greater forces on the intact limb and increase knee flexion during early stance [33] . The differences in intact limb forces may be attributed to the rollover shape of the prosthetic foot: in a SACH foot, the shorter keel has rollover characteristics such that a rapid "fall off" onto the flexible, soft rubber forefoot occurs, whereas in a dynamic response foot with a longer foot plate or keel, the rollover characteristics are more stable and therefore provide better balance at the end of stance [33] [34] .
The increased loading of the intact limb that people with amputation exhibit because of their adaptive gait often causes pain and disease in the joints, which may result in some form of degenerative joint disease or disability. Three of the most common secondary complications due to compensatory and/or altered stresses in people with lower-limb amputation are osteoarthritis, osteopenia/osteoporosis, and back pain.
OSTEOARTHRITIS
Osteoarthritis is primarily a noninflammatory disorder of movable joints and is characterized by an imbalance between the synthesis and degradation of the articular cartilage, leading to the classic pathological changes of wearing away and destruction of cartilage [35] . An abrasion of articular cartilage occurs coupled with formation of new bone at and around joint surfaces. As a result, the joint functionally deteriorates [36] . The bone in osteoarthritis is stiffer than healthy bone. Therefore, the bone in an osteoarthritic joint is less able to absorb the forces, causing them to be transmitted back to the cartilage [37] .
Osteoarthritis has been found to be more prevalent in the contralateral limb than the residual limb of people with amputation [13, [38] [39] . The prevalence of osteoarthritis is of increasing concern, especially for people who have lived with an amputation for a longer time [38] . If people with amputation do not learn to properly use their prosthesis or bear weight equally between the prosthetic and intact limbs, they may further compromise the integrity of their intact limb. Regardless, people with lowerlimb amputation are at risk for developing osteoarthritis of the knee and/or hip on the amputated and intact sides [38] . Table 1 summarizes the research to date on osteoarthritis in people with traumatic, nonvascular amputation.
Knee
Hungerford and Cockin were the first authors to describe, with American and British World War II veterans, that people with amputation have a higher incidence of patellofemoral osteoarthritic degeneration on their intact limb than do people without amputation [40] . They found that 22 percent of the veterans without amputation had significant patellofemoral osteoarthritis; this percentage increased to 41 percent among the veterans with transtibial amputation and 63 percent among the veterans with transfemoral amputation. Burke et al. found similar results and attributed gait asymmetry and an increased load on the intact limb to the higher incidence of osteoarthritis in the joints of long-term prosthesis users; 27 percent of the subjects with amputation had grades 1 through 3 osteoarthritis of their intact side knee; none had grade 4 osteoarthritis [39] .
As knee pain in the intact limb became more prevalent in the clinic, researchers began to investigate contributing factors. For example, people with amputation use the intact limb to compensate for the amputated limb, resulting in an increased load through the knee joint during gait. Mussman et al. interviewed and examined 47 veterans who were a mean 51 years old, had worn a prosthesis for an average of 24 years, and typically had service-connected amputations [41] . Of these veterans with amputation, 64 percent reported that they depended more on their intact limb during activity. Knee pain in the intact limb was the chief complaint of 55 percent of the total sample. Differences between levels of amputation showed that 46 percent of people with transtibial amputation compared with 75 percent of people with transfemoral amputation had knee pain symptoms. Body weight is a concern with osteoarthritis, but Mussman et al. did not report a remarkable difference in knee pain between those subjects who had either gained or lost body weight [41] .
Norvell et al. investigated the prevalence of selfreported osteoarthritis symptoms in 63 male veterans with traumatic amputation and controlled for body weight at ages 18 and 30 [42] . The authors hypothesized that if an amputation leads to increased weight gain because of a sedentary life style, increased body weight may explain the increased risk of osteoarthritis. While the subjects with amputation had slightly higher body weights than the controls without amputation, the authors determined, after controlling for body weight, that the subjects with transtibial amputation were three times and the subjects with transfemoral amputation five times more likely to have knee pain on the intact side than the controls. Moreover, Norvell et al. concluded that the stresses that people with amputation place on their intact knee may contribute to the increased risk of knee osteoarthritis. Using the Chronic Pain Grade questionnaire, they found that 16.1 percent of the subjects with transtibial and transfemoral amputations reported symptoms of osteoarthritis compared with 11.7 percent of the subjects without amputation. Moreover, the prevalence of knee pain was 20.3 percent for the subjects without amputation as opposed to 36.4 and 50.0 percent for the subjects with transtibial and transfemoral amputations, respectively [42] . The results indicate that persons with unilateral lower-limb amputation decrease pressure on the amputated side and increase pressure on the intact side, increasing their risk for skeletal deformation in the form of osteoarthritis and resulting in secondary disability.
Hurley and colleagues found that the gait patterns of seven younger subjects with amputation were more asymmetric and slower than nonamputee gait patterns [29] . All subjects were fitted with a dynamic response foot and reported to be satisfied with their prosthesis and, thus, a good prosthetic fit. GRF data from force plates with video gait analysis determined that no statistical difference existed in vertical joint reaction forces across the contralateral limb; therefore, the authors concluded that people with long-term transtibial amputation who have a good prosthetic fit are not predisposed to premature degenerative arthritis [29] . The lack of difference in vertical reaction forces was attributed to lower push off force from the amputated side and slower walking speed [29, 43] . Lewallen et al. reported similar findings with children with limb loss who exhibited asymmetrical gait patterns without increased forces across the joints of the intact lower limb [31] . Again, slower walking speed, decreased step length, increased double support time, and increased stance time were attributed to the lack of increased moments at the contralateral knee [31, 43] .
Lemaire and Fisher found a greater prevalence of osteoarthritis in the intact limb of long-term prosthesis users with an average time since amputation of 46 years than in a similar control group without amputation [43] . Their results showed that older people with traumatic transtibial amputation had a higher risk of experiencing larger forces at the knee of their intact limb and of developing osteoarthritis than did those without lower-limb amputation. The group with amputation had a significantly shorter stride length and lower average walking velocity than the control group. Knee joint reaction forces, as measured with force plates, did not significantly differ between the group with amputation and the control group. However, the subjects with osteoarthritis exhibited significantly higher vertical knee joint reaction forces on the intact limb at terminal stance. At weight acceptance, the vertical forces were approximately 12 percent greater and the horizontal forces approximately 19 percent greater for the group with amputation than the control group. Therefore, Lemaire and Fisher suggested that people with transtibial amputation have an increased tendency to develop osteoarthritis in their intact knee. While this increased risk is likely because of multiple factors, the primary mechanism of pathology was attributed to the application of larger-than-normal loads on the affected joint over an extended period [43] .
Melzer and colleagues compared osteoarthritis of the intact limb joint among male subjects with amputation who played volleyball (n = 8), with amputation who did not play volleyball (n = 24), and without amputation who did not play volleyball (n = 24) [44] . Three physicians blinded to the subjects' group assignments examined the radiographs. The most common findings among the subjects with amputations were patellar and medial osteophytosis of the tibiofemoral joint, with a tendency of medial narrowing of the tibiofemoral joint space. While the rate of osteoarthritis in all subjects with amputation was 65.6 percent higher than in the control group, the authors did not determine whether participation in competitive sports affected the course of osteoarthritis of the intact knee. They concluded that participation in sport or other high-impact activities should not be discouraged in people with amputation on the basis of risk of degenerative joint disease of the intact limb [44] .
To understand why people with amputation are predisposed to premature joint degeneration, Royer and Koenig compared the prosthetic limb with the contralateral limb to investigate frontal plane net joint moments with respect to the mechanics of gait and bone mineral density (BMD) of the proximal tibia of people with unilateral transtibial amputation (n = 9) [45] . An age-matched control group (n = 9) was enrolled, as well. The proximal tibial, peak knee, internal abduction moment on the intact limb was 56 percent greater than on the prosthetic side knee, whereas in the control group's intact limb knee, it was 24 percent higher than in the prosthetic limb knee [45] . In contrast, when comparing prosthetic feet characteristics, Underwood et al. reported only a 5 percent difference in internal abduction moment at the knee among people with transtibial amputation (n = 11) [46] . Royer and Koenig also found that BMD at the proximal tibia was 45 percent larger in the contralateral limb knee than the prosthetic limb knee. They suggested that the contralateral knee experiences greater mechanical loading than the prosthetic limb, as reflected by the increased BMD, which may predispose people with transtibial amputation to premature joint degeneration, particularly knee osteoarthritis [45, 47] .
Hip
Increased mechanical stress increases an individual's susceptibility to osteoarthritis of the hip [48] . Not surprisingly, therefore, people with amputation have been found to be at increased risk for osteoarthritis of the hip as a result of the increased load on the intact limb during ambulation. Burke et al. was the first to report radiographic evidence of a slight increase in osteoarthrosis in the intact hip (16.7%) compared with the amputated side [39] .
Mussman et al. reported that 23 percent of veterans with amputation experienced contralateral hip pain [41] . The authors found a higher incidence of hip pain among the veterans with transtibial amputation (29%) than the veterans with transfemoral amputation (19%).
Kulkarni et al., examining 44 World War II veterans with service-connected amputation, used radiographs to determine the existence of osteoarthritis based on a minimum joint space threshold of <2.5 mm [38] . They hypothesized that increased weight-bearing would lead to increased osteoarthritis in the intact limb. However, 55 percent of the hips on the amputated side and 18 percent on the intact side were positive for osteoarthritis. On the basis of Kellgren and Lawrence grades of >2/5 [49] , the authors found that 61 percent of hips on the amputated side versus 23 percent of hips on the intact side were osteoarthritic. The findings revealed a three-to sixfold increase in osteoarthritis of both the amputated and intact hips compared with age-matched veterans without amputation. A threefold increase of osteoarthritis was found for transfemoral compared with transtibial amputation [38] .
Underwood et al. reported a 29 percent greater internal abduction moment for the contralateral limb hip than for the prosthetic side limb in people with transtibial amputation [46] . Royer and colleagues found 33 [45] and 39 [47] percent greater internal abduction moment at the contralateral hip in people with transtibial amputation. A significant positive correlation between peak hip internal abduction moments and femoral neck BMD has been established in subjects without amputation who have hip osteoarthritis [48] . The mechanical loading difference between the hips of people with transtibial amputation (n = 9) was also apparent: the femoral neck BMD was 12 percent greater on the intact side, although this result was not statistically significant [45] . The elevated BMD suggests the potential for premature joint degradation; however, Royer and Koenig did not find differences among the intact, prosthetic, and control limbs [45] . The authors suggested that, while the hip internal abduction moments were significantly greater on the prosthetic limb than on the contralateral limb, the femoral neck BMD may be more related to hip flexor and extensor musculature in the sagittal plane, which may function normally and produce near-normal hip joint loading [45] . Comparing the contralateral and prosthetic limbs with the control limbs, the authors found that the internal abduction moment was 23 percent greater and 8 percent smaller, respectively. Regarding BMD, the control and contralateral limbs showed no difference, whereas the prosthetic limb was 10 percent lower at the femoral neck [45] . Although lower BMD was found, osteoporosis was not referenced.
OSTEOPENIA AND OSTEOPOROSIS
Osteopenia, defined as a state of low bone mass, is characterized by a BMD of 1.0 to 2.5 standard deviation below normal for the individual's sex, age, and race [50] , while osteoporosis is defined by a BMD of 2.5 or more standard deviation below normal. Individuals with osteopenia or osteoporosis are more susceptible to bony fractures. In fact, an individual may not know he or she is osteoporotic until a fracture occurs [51] . We subsequently reviewed evidence that suggests that people with amputation are at an increased risk for osteopenia and osteoporosis.
Loss of bone density and the potential for associated risks such as fractures are concerns with aging individuals. Hungerford and Cockin first suggested that 90 percent of subjects with transfemoral amputation showed on radiographs the characteristic findings of osteoporosis, including concentric joint space narrowing and absence of osteophytes [40] . Subjects with transtibial amputation also showed marked osteoporosis but, as with those with transfemoral amputation, the description of osteoporosis was not quantified. Likewise, Burke et al. reported that 88 percent of all subjects with amputation studied had osteoporosis in the amputated limb on radiographs [39] . Benichou and Wirotius, in a radiographic survey, reported osteoporosis in all 53 subjects with transfemoral amputation examined, signifying that the majority of people with transfemoral amputation may be at risk for loss of bone density over time [52] .
Rush et al. used dual energy X-ray absorptiometry to compare the bone density of the femoral neck of the amputated side with that of the intact femur in 16 male subjects with nondysvascular transfemoral amputation [53] . An average 28 percent loss of BMD was found in 81 percent of the subjects. Rush et al. then reported three important relationships: (1) a significant negative correlation between severity of osteopenia and the subject's age at amputation, (2) a significant negative correlation between severity of osteopenia and the subject's age at examination, and (3) no correlation between residual limb length or duration after amputation and bone density [53] . Compared with controls without amputation, all subjects had normal BMD in their spines and femurs. Most people with unilateral transfemoral amputation have femoral neck osteopenia on the amputated side. Likewise, Kulkarni et al. found that 44 male World War II veterans with amputation had significantly less femoral neck BMD on the amputated side than the intact side. Subjects with transfemoral amputation had significantly lower BMD in the femoral neck of the amputated side than did subjects with transtibial amputation [38] . The implication is that development of osteoporosis is imminent.
The increased incidence of osteopenia for prosthesis wearers creates concern about increased risk of fallrelated fractures. Clinicians might hypothesize that the loss of bone density and the disuse atrophy found in people with amputation contribute to such fractures. Unfortunately, the publications on fractures in this population neither offer data supporting the relationship between BMD and incidence of residual-limb fractures nor agree on risk factors such as age, level of amputation, and time after amputation [54] [55] [56] [57] .
The literature to date does not conclusively support a direct relationship between low BMD and residual limb fractures among people with lower-limb amputation. The literature that we found on amputation-related fractures is presented in Table 2 . Rush et al. in 1994 [53] and Kulkarni et al. in 1998 [38] found that osteopenia was more prevalent among people with amputation because disuse atrophy led to decreased muscle mass, lack of muscular contraction during activity, and immobilization of the residual limb in the socket. Other authors suggest that lack of exercise may be associated with increased bone absorption [58] [59] [60] . Also, the decreased vertical loading on the residual limb may cause disuse atrophy and, thus, osteoporosis of the residual femur. The literature reports that people with transfemoral amputation have lower BMD in their residual femurs than do people with transtibial amputation [38] .
BACK PAIN
Back pain is very common in the general population; however, the frequency of back pain is not consistently reported in the literature. An estimated 70 to 85 percent of all people experience back pain at some point during their life, with an annual prevalence between 15 and 45 percent [61] [62] . Yearly estimates for disability secondary to low back pain is 3 to 6 percent of the population [63] .
Burke et al. was the first to report radiographic findings of the spine in people with lower-limb amputation. They observed scoliosis in 18 of the 42 subjects (43%). Degenerative changes of varying grades were present in the lumbar spine of 32 subjects (76%). Prevalence of pain or physical limitations were not discussed [39] .
As common as back pain is among the general population, people with amputation seem to be at even greater risk for back pain. In 2000, Ehde et al. found that 52 percent of their subjects with amputation reported persistent, bothersome back pain. Seventeen percent stated that their back pain was the worst pain problem they experienced [64] [65] . Back pain commonly occurs in people with lowerlimb amputation and can cause chronic disability. Kulkarni et al. found that 63 percent of subjects with amputation experienced moderate to severe back pain and 60 percent had back pain that commenced within 2 years of the amputation [66] . Among these subjects, 9 percent reported constant back pain and 38 percent said that it interfered significantly with their lifestyle.
Given the relatively high incidence of back pain in Western culture, a portion of the population of people with amputation may be similarly predisposed to back pain and would experience symptoms associated with back pain regardless of limb loss. Persons with nonvascular amputation may, however, be at an increased risk for back pain because of factors not relevant to the general population, such as poor socket fit and prosthetic alignment, abnormal posture, leg-length discrepancy, amputation level, and general deconditioning. Whether these additional factors contribute to the incidence of back pain or exacerbate its expression is unclear. A few investigators have examined some factors that are suggested to contribute to back pain in people with lower-limb amputation.
The majority of people with amputation who use a prosthesis daily but have associated socket instability, discomfort, or residual limb pain adopt a gait strategy that places greater dependence on the intact limb [67] . People with amputations tend to spend more time on their intact limb and walk with the intact limb adducted [16] [17] [18] . As a result, increased forces act on the joints of the intact limb and decreased forces are applied across the amputated limb during self-selected cadence walking [18] [19] [20] . While many authors associate the increased vertical forces on the intact limb with osteoarthritic changes on the intact limb joints and asymmetry of gait, surprisingly, aside from clinical supposition, little evidence supports an increased incidence of back pain associated with gait deviations.
Socket Fit and Prosthetic Alignment
Between 30 and 100 percent of people with lowerlimb amputation report problems that cause discomfort or residual-limb complications that alter their walking ability. Their inability to walk interferes with daily activities and prevents them from wearing their prosthesis, which ultimately reduces quality of life [8, [68] [69] . Dillingham et al. examined prosthesis satisfaction among 78 people with traumatic amputation [70] . Only 43 percent reported satisfaction with the comfort of their prosthesis and 24 percent reported skin irritation and wounds due to prosthesis use. Sherman, studying a sample of people with traumatic amputation (n = 43), found that all subjects had problems associated with their prosthesis and 39 (91%) had residuallimb pain that interfered with prosthesis use [8] . Conversely, Pezzin et al. reported that although many subjects with amputation complained about their prosthesis, the majority were satisfied enough with its overall performance to use it most of the day [69] . While socket fit may be considered the most important parameter in the success of a lower-limb prosthesis, correct alignment also affects walking ability and stress on the contralateral limb [71] [72] . Alignment of a prosthesis is the relative position and orientation of the prosthetic components and affects comfort, function, and cosmesis. Improper alignment can contribute to poor socket fit; either would result in undesirable pressure distribution at the residual-limb/socket interface and cause discomfort, pain, and potential tissue breakdown [73] . Currently, the effects of alignment on the gait of people with amputation are not fully understood and acceptable alignment appears to range [71, 74] . The flexion and extension of socket alignment and, to a lesser extent, the alignment of the prosthetic foot and ankle components have been found to affect GRFs through joint moments on the prosthetic limb [73] . However, no studies found investigated the relationship between socket or prosthetic alignment and back pain.
Posture and Leg-Length Discrepancy
During standing, weight-bearing is presumed to be shared equally between the lower limbs. People with transtibial and transfemoral amputation stand with greater sway and more weight bearing toward the intact limb [75] [76] [77] . The increased sway and dependence on the intact limb have been related to the prosthetic limb's lack of proprioception [11, 75, 78] . This increased dependence is also present during gait initiation, when people with amputation often bear weight on the intact rather than the residual limb [78] . In fact, people with amputations of all levels have been found to increase stance time on the intact limb and this reliance on the intact limb continues throughout the gait cycle [16, 79] .
Pelvic tilt is the angle between the horizontal plane and a line passing through the midpoint of the posterior superior iliac spines and the midpoint of the anterior superior iliac spine [80] . Previous literature states that the average range of motion available at the pelvis is 11°( ±4°) [81] . Currently, no normative data indicate the pelvic tilt range of motion in people with amputation. However, a compensatory anterior pelvic tilt of 10° has been described in people with transfemoral amputation and permits the prosthetic limb to achieve the 15° of hip extension needed for normal step length [82] . Day et al. showed that a posture of maximum anterior pelvic tilt significantly increases the depth of lumbar lordosis [83] . Furthermore, an increased lumbar lordosis has been associated with an increased likelihood of back pain in people with lower-limb amputation [65] .
People with transfemoral amputation can present various gait deviations due to decreased hip extension range of motion of the residual limb. The most likely etiology for decreased hip extension range of motion is iliopsoas tightness [84] . Lack of iliopsoas flexibility can also result in difficulty initiating the swing phase of gait, consequentially promoting hip hiking, increased posterior rotation of the pelvis, or some other gait deviation [85] . Kerrigan et al. state that increased anterior pelvic rotation, shortened step length, or both may occur to compensate for the reduced peak hip extension [86] . Lee et al. discovered that anterior pelvic rotation was more strongly correlated with reduced hip extension during gait than were other compensatory mechanisms [87] . If people with amputation have <5° of hip extension available, then compensatory lumbar lordosis and shortened step length on the intact side will result [88] .
In the general population, the association between mild leg-length inequality and back pain has been questioned [89] . Several studies suggest that leg-length inequality contributes to back pain [90] [91] [92] [93] . Other studies did not find a relationship between leg length and back pain [94] [95] [96] .
People with amputation who have a prosthesis that is the same length as their intact limb have significantly fewer pain symptoms than those with marked asymmetry between their prosthetic and intact limbs [92, 97] . Some of the more common changes observed as a result of a leg-length discrepancy are lateral tilting of the pelvis in the frontal plane, pelvic torsion in the sagittal plane, and lumbar scoliosis [97] . Gofton reports that a 4° lateral tilt of the sacrum of a compensatory scoliosis in the lumbar spine can be caused by a leg-length discrepancy of only 12.5 mm [98] .
Leg-length discrepancy due to improper prosthetic fit in people with amputation contributes to back pain and other musculoskeletal disorders. Friberg evaluated 113 Finnish subjects with war-related amputation to determine the frequency and consequences of an asymmetrical prosthetic length [97] . The author determined that only 15 percent of the subjects with lower-limb amputation wore a prosthesis equal in length to the intact limb, while 34 percent had an unacceptable leg-length discrepancy of >20 mm. In 79 percent of the cases of unacceptable leg length, the limb with the prosthesis was shorter than the intact limb. This resulted in back pain symptoms and lateral trunk asymmetry. A prosthetic shortening of 5 and 10 mm in people with transtibial and transfemoral amputation, respectively, led to problems such as functional scoliosis, chronic back pain, and knee or hip pain in the intact limb. For the subjects reporting little to mild back pain, a leglength discrepancy of only 6.1 mm was found [97] .
Young et al. studied the effects of leg-length discrepancy on pelvis position in a group of subjects without amputation and found a lateral pelvic tilt toward the shorter leg when leg-length inequalities were >15 mm [99] . Their findings suggest that a major factor contributing to back pain in people with amputation is the postural changes that may occur because of a leg-length discrepancy [99] . Gurney reported that the GRFs of longer limbs are greater than those of shorter limbs [100] .
People with transfemoral amputation have back pain that is more bothersome and intense than that experienced by people with transtibial amputation [101] . Likewise, Kulkarni et al. reported that 81 percent of people with transfemoral amputation had back pain compared with 63 percent of those with transtibial amputation [66] .
General Deconditioning
Relatively little evidence addresses the issue of general physical deconditioning and back pain in people with amputation. Kulkarni et al. examined 40 people with traumatic amputation (10 each with transtibial or transfemoral amputation and with or without back pain) who underwent computerized gait analysis, magnetic resonance scanning, and gait/standing stability analysis [66] . They reported that the subjects with transfemoral amputation were more likely to have back pain (81%) than the subjects with transtibial amputation (63%). Those subjects with amputation with a body mass index of >50 percent were more likely to have back pain. The negative magnetic resonance imaging scan findings, gait asymmetries, and standing stability differences suggest musculoskeletal imbalances as opposed to degenerative arthritis-related pain. [66] . Friel et al. reported on a group of 11 subjects with transtibial and 8 with transfemoral amputation and found that the subjects with transfemoral amputation had stronger back extensors muscles with less muscular endurance than the subjects with transtibial amputation [102] . Moreover, significant differences in back extensor strength, back extensor muscle endurance, and iliopsoas muscle length were found between subjects with amputation who did and did not have back pain [102] . Although future investigations are required, early intervention of gait training and postural therapy have been suggested to benefit people with amputation who have back pain [66] .
CLINICAL IMPLICATIONS AND FUTURE RESEARCH
The new generation of people with limb loss auspiciously appears to have higher expectations concerning their performance of everyday tasks and recreational activities. They want to work, play, and live life without limitations and enjoy the benefits of increased activity, such as better overall health and well-being. However, as activity increases and is sustained over time, concern should be raised about the long-term effects on the musculoskeletal system. For example, will people with amputation who are more active during their youth and early adulthood pay the price later in increased risk of secondary conditions, such as degenerative joint changes to the contralateral limb, remaining joints of the amputated limb, and spine? In our review of the literature, we found that the risk of degenerative joint disease and back pain increases after amputation, with the prevalence greater in people with transfemoral amputation than transtibial amputation. However, we found little evidence to suggest that amount or type of activity increases the risk of secondary conditions after amputation.
Our review of the literature did not find any studies on clinical interventions that prevent or treat secondary conditions associated with amputation. Currently, precautionary measures or clinical interventions for reducing the onset or severity of degenerative joint disease or back pain are based on anecdotal clinical judgment. For example, decreasing the reliance on the nonamputated limb during walking, standing, or performing everyday activities would theoretically reduce stresses on the joints of the lower limb and reduce compensatory movement strategies that alter the mechanics of the spine. Convention suggests that a comprehensive program that includes quality prosthetic care and proper physical conditioning would be beneficial.
Submitting an exhaustive list of research possibilities is beyond the scope of this literature review; however, some areas for future research on secondary conditions related to lower-limb amputation would include the following topics. Research is needed to understand the incidence of degenerative joint disease and how it affects the joints of the lower limbs and spine. While current studies demonstrate that secondary conditions are present after amputation, validation of predictive profiles is needed to predetermine which individuals with amputation are at greatest risk. Studies are needed to define good prosthetic fit and determine the implications of poor prosthetic fit. Likewise, studies are needed to determine the differences between socket designs and prosthetic components with respect to forces placed on the contralateral limb and spine. Similarly, studies that investigate prosthetic socket alignment and prosthetic length and the relationship to the hip, pelvis, and spine in people with transfemoral amputation may have significant clinical value. In addition, the effects of traditional therapies, such as orthotic shoe inserts for medial knee pain, or pharmacological and nonpharmacological therapies for osteoarthritis and osteoporosis should be explored. Studies investigating therapeutic interventions such as balance training, strengthening, gait training, and other movement strategies should be investigated with respect to load sharing with the prosthetic limb and to stress reduction on the contralateral limb. Finally, research exploring the effects of physical conditioning, especially to stabilize the trunk muscles to reduce back pain and maintain an active lifestyle, may guide clinicians and prosthesis users alike.
CONCLUSIONS
Musculoskeletal pathologies often develop as secondary complications in people with amputation, which may affect their mobility and quality of life. An alteration of biomechanics occurs with the use of one or more prostheses. Individuals with amputation tend to favor their intact limb and stress it more during mobility and daily activities. This tendency can cause degenerative changes of the intact limb, such as osteoarthritis of the knee and/ or hip joints. Since people with amputation spend less time on their residual limb, osteopenia and subsequent osteoporosis often occur secondary to insufficient loading of the bones. Prosthetic fit and alignment can influence posture and comfort, which may promote greater equal force distribution across the intact and prosthetic sides during gait and tentatively decrease the susceptibility to osteoarthritis. Moreover, back pain that is bothersome and influences activity is a common complaint among individuals with amputation. Back pain has been linked to poor socket fit and alignment, postural changes, leg-length discrepancy, amputation level, and general deconditioning. Knowledge of the possible secondary complications of amputation can help rehabilitation practitioners provide high-quality, prophylactic care for their patients with lower-limb amputation.
